Skeletal abnormalities represent a major clinical burden in patients affected by the lysosomal storage disorder mucopolysaccharidosis type II (MPSII, OMIM #309900). While extensive research has emphasized the detrimental role of stored glycosaminoglycans (GAGs) in the bone marrow (BM), a limited understanding of primary cellular mechanisms underlying bone defects in MPSII has hampered the development of bone-targeted therapeutic strategies beyond enzyme replacement therapy (ERT). We here investigated the involvement of key signaling pathways related to the loss of iduronate-2-sulfatase activity in two different MPSII animal models, D. rerio and M. musculus. We found that FGF pathway activity is impaired during early stages of bone development in IDS knockout mice and in a newly generated Ids mutant fish. In both models the FGF signaling deregulation anticipated a slow but progressive defect in bone differentiation, regardless of any extensive GAGs storage. We also show that MPSII patient fibroblasts harboring different mutations spanning the IDS gene exhibit perturbed FGF signaling-related markers expression. Our work opens a new venue to discover possible druggable novel key targets in MPSII.
Introduction
Mucopolysaccharidoses are a heterogenous group of rare genetic diseases characterized by pathological accumulation of glycosaminoglycans (GAGs) into lysosomes. Although the pathogenesis has been traditionally attributed to progressive GAGs storage, recent experimental evidences support the concept that more complex mechanisms may occur. Indeed, lysosomal activity has been clearly shown to modulate a broad spectrum of cellular processes, significantly contributing to cell regulation and homeostasis (1) . Furthermore, mutations altering lysosomal activity have been found to affect multiple cellular aspects, including cell death, autophagy and oxidative stress (2) . The hypothesis that molecular alterations can occur before massive GAGs accumulation has been recently supported by the discovery of very early extracellular matrix (ECM) alterations arising before the onset of gross GAGs storage (3) .
Among all MPSs, mucopolysaccharidosis type II (MPSII), also called Hunter syndrome, is caused by deficiency of the lysosomal enzyme iduronate 2-sulfatase (IDS, EC 3.1.6.13), which is involved in the first step of heparan and dermatan sulfate degradative pathway. The disease has a chronic progressive course and affects multiple organs, leading to a wide range of symptoms, including hepatosplenomegaly, heart dysfunction and bone defects (4) .
Over 500 different mutations spanning the IDS gene have been described so far, but a correlation between phenotype and genotype is still lacking (5) .
We previously documented a key role of the zebrafish Ids orthologue during embryonic development, suggesting a potential involvement of the Ids enzyme in morphogens patterning and bioavailability (6) .
According to the latter perspective, deposition of partially degraded GAGs in the ECM may perturb growth factors sequestering and cell signal transduction (7, 8) . Several examples of the detrimental role of aberrant GAGs catabolism on cell signaling activities have been reported so far (9, 10) , including the identification of dysregulated FGF signaling in MPS I chondrocytes and bones (11) .
FGF signaling is involved in both intramembranous and endochondral ossification. Because of its crucial role during bone formation, mutations altering the FGF pathway may cause different bone diseases, such as chondrodysplasia and craniosynostosis (12) . While FGF pathway has been shown to control bone growth in chondrocytes through the autophagic process (13) , it appears that its transduction is finely regulated by the endolysosomal system and ECM composition (14) . GAGs by binding to FGF ligands, modulate their extracellular diffusion and favor their interaction with cognate receptors (14) . Indeed, heparan sulfate (HS) is necessary for FGF ligand binding to the receptor, and the peculiar GAGs sequence has been postulated to enable tissue-specific FGFs/receptors interaction (15) . In particular, it has been demonstrated that the HS-sulfated residues have an essential role in ligand recognition and binding (15) .
On the basis of the close functional relation between GAGs and FGF signaling, we undertook a systematic analysis of FGF signaling activity on Ids knockout mice and a newly generated CRISPR/CAS9-based ids mutant fish. Using several complementary approaches, we here document a previously unrecognized detrimental effect of defective GAGs catabolism on FGF pathway activity during bone development in Hunter syndrome animal models. We show that the loss of IDS function perturbs FGF signaling activity before the onset of skeletal alterations, without any evident GAGs accumulation. We finally show that fibroblasts from Hunter patients harboring different mutations exhibit significant misexpression of FGF pathway-related markers, thus suggesting that Hunter syndrome skeletal pathogenesis may also be ascribed to defects of developmental signaling pathways.
Results

Temporally restricted loss of zebrafish iduronate-2-sulfatase (Ids) function perturbs FGF signaling activity and FGF markers expression
We previously showed that Iduronate-2-sulfatase loss of function in zebrafish induces early developmental defects, including a misshapen facial cartilage formation and altered migration and differentiation of neural crest cells (6) . To assess whether also the bone lineage was potentially affected by Ids functional impairment, we first examined Ids protein localization in the bone tissue using the transgenic reporter line Tg(Ola.Sp7: NLS-GFP) zf132 , in which the expression of the GFP reporter gene is driven by the osterix promoter (16 we detected an upregulated FGF signaling in 2dpf ids morphant fish with respect to controls by whole-mount fluorescence microscopy, in situ hybridization and RT-qPCR for the reporter d2EGFP. To further corroborate our findings, we explored the expression of genes strictly associated with FGF signaling, including the FGF receptor fgfr3, FGF ligands (fgf3 and fgf8) and other selected targets (erk1, pea3, ntl, spry4 and erm1). As shown in Figure 1F -Q, we found consistent increased expression levels of all examined markers, thus confirming our preliminary findings. Notably, the FGF signaling was also consistently up-regulated in ids morphants at 6 dpf (data not shown), suggesting a temporarily prolonged effect of morpholino-mediated Ids loss of function on FGF pathway activity. To verify whether any FGF signaling impairment could be associated with bone developmental defects in ids morphants, we first performed in vivo Alizarin red staining on Tg(Dusp6: d2EGFP) pt6 and analyzed cephalic bones at 6 dpf by confocal microscopy. As shown in Supplementary Material, Figure S2 , we noticed that the opercle of Tg(Dusp6: d2EGFP) pt6 fish was positive for Alizarin red staining. We next assessed target bone markers (runx2b and col10a1) expression by in situ hybridization in ids morphants and compared it with that of age-matched control larvae at 2 and 3 dpf. We preliminarily found that fish morphants exhibit upregulation of runx2b and downregulation of col10a1 in the opercle, cleithrum and brachiostegal ray, when compared with age matched controls (data not shown). We, therefore, could conclude that transient ids knock-down perturbs FGF signaling activity and affect the expression of target bone markers.
Generation of CRISPR/Cas9-induced ids mutant fish
To better elucidate the association of deregulated FGF pathway with Ids loss of function-related bone defects at late life stages, we generated a stable ids mutant using the CRISPR/Cas9 technology. We successfully targeted a sequence of ids exon2, creating a 5 base pair deletion (deleted sequence TCACT, from nucleotide 241 to nucleotide 245) very close to the active residue Cysteine 78 (Fig. 2) . As verified by sequencing the DNA from different independent larvae obtained by mutant carriers and from the offspring of inbred carriers after several generations, we were able to identify a stable ids mutant line, henceforth referred to as ids ia200
. In mutant fish, the 5 bp deletion causes a frameshift altering the protein sequence from amino acid 82 ( Fig. 2A) and leading to the generation of a premature stop codon at the amino acid in position 118.
Since the truncated protein was supposed to be nonfunctional, we verified Ids enzymatic activity in mutant larvae. As shown in Figure 2B , protein crude extracts from homozygous mutants, obtained from inbred ids ia200/ia200 fish exhibited negligible enzymatic activity when compared with control WT protein extracts. Heterozygous ids ia200/þ fish, generated from a cross between homozygous female mutants and WT males, showed the same Ids enzyme activity of ids ia200/ia200 fish, while heterozygous fish ids ia200/þ , obtained from a cross between WT females and ids ia200/ia200 males, displayed a 60% reduction of enzymatic activity when compared with that of age-matched WT. Notably, enzymatic activity in heterozygous larvae derived from homozygous mutant females and WT males were still significantly decreased at 9 dpf, when compared with age-matched wild-type fish (data not shown). Enzyme activity assays were also performed in isolated tissues (brain, liver and muscle) from 3-month-old ids ia200/ia200
, ids ia200/þ and WT fish. When compared with extracts from whole larvae, the range of measured enzymatic activity values from isolated tissues was much more reduced. However, in all examined organs from ids ia200/ia200 fish there was no detectable enzyme activity. On the contrary, ids ia200/þ fish exhibited the same enzymatic activity of WT fish in brain and muscle, and half enzymatic activity in liver when compared with age-matched control tissues (Fig. 2C ).
Since one of the most evident pathological manifestations in Hunter patients is hepatomegaly, we examined whether ids ia200/ia200 fish recapitulate the same phenotype. For this purpose, the liver from 3-month-old ids ia200/ia200 and WT fish were isolated and evaluated under stereomicroscope. As shown in Figure 2D , liver size in mutant fish was increased when compared with age-matched wild-type fish. We, therefore, could conclude that the ids ia200/200 line represents a full loss of function mutant, displaying a characteristic feature (hepatomegaly) of Hunter syndrome. Moreover, given the prolonged significant reduction of enzymatic activity in ids ia200/þ larvae, derived from homozygous mutant females and wild-type males, we could infer that the maternal enzyme contribution is substantial in the first developmental stages, as well as at later life stages.
FGF signaling perturbation occurs in ids mutant fish during early development and is recapitulated in the bone compartment during adult stages
Considering the previously detected FGF signaling dysregulation in ids morphants, we sought to verify whether the same cell signaling defects were present in stable ids mutant fish. Towards this aim, we crossed the ids ia200/ia200 fish with the Tg(Dusp6: d2EGFP) pt6 and analyzed the offspring obtained from inbred transgenic mutant carriers. As shown in Figure 3A and B, we detected regions of significantly decreased transgene reporter expression by both confocal microscopy analysis and RTqPCR of the d2GFP reporter marker. To further confirm the FGF signaling deregulation in ids ia200/ia200 fish, we carried out RTqPCRs for FGF signaling targets (pea3, erk1, erm) in pooled RNA extracts from 2 dpf ids ia200/ia200 fish. In several independent experiments we consistently found a significant decrease of all examined FGF targets in Ids mutants, when compared with agematched control fish. To assess whether the FGF signaling impairment was persistent at late life stages, we isolated bone tissue (from skull, opercle and caudal fin) from 3-month-old ids ia200/ia200 and control WT siblings and analyzed FGF targets (pea3, erk1, dusp6) by means of RT-qPCR.
As shown in Figure 3C -E, we found reduced expression of FGF markers in all examined bone tissues from Ids mutants, when compared with age-matched controls.
These results suggest that a FGF signaling dysregulation is triggered by Ids loss of function in fish during early developmental stages and persistently maintained at the bone level in adult mutant fish. lysates (B) and isolated organs (liver, brain, muscle) (C) from 2 dpf and 3-month-old wild-type, homozygous ids ia200/ia200 and heterozygous ids ia200/þ fish, respectively.
Data are derived from three independent measurements (n ¼ 100 larvae for each condition). (D) Representative 3-month-old control and ids ia200/ia200 fish and their isolated liver. The enlarged liver (l) size in the homozygous mutant is depicted by the dotted line (n ¼ 5 fish for each condition).
Impaired expression of skeletal-related markers occur in stable ids mutant fish at both early and late life stages
We previously showed that transient Ids functional knockdown affects the neural crest-cell lineage and disrupts the craniofacial cartilages development during larval stages (6).
To evaluate whether Ids loss of function could negatively affect bone development at late life stages, we crossed the ids ia200/ ia200 fish with Tg(Col2a1aBAC: mCherry) hu5900 (19) and Tg(Ola.Sp7:
NLS-GFP) zf132 (16) and analyzed by confocal microscopy the offspring from incrossed transgenic mutant carriers. As regards the Tg(Col2a1aBAC: mCherry) hu5900 line, from 4dpf to 15dpf a transgene reporter activity increase was evident in WT fish, while at 7dpf in ids ia200/ia200 fish we measured a statistically significant rapid increase of transgene expression, followed by its rapid decline (Supplementary Material, Fig. S3A ). Similar results were obtained when analyzing the ids ia200/ia200 fish in the Tg(Ola.Sp7: NLS-GFP) zf132 background. While from 4 to 15 dpf WT fish displayed increased transgene expression in the opercle and brachiostegal regions, we detected a significant decrease of transgene expression in age-matched mutants (Supplementary Material, Fig. S3B and data not shown). By Alizarin red staining we next evaluated the degree of bone mineralization affected by Ids loss of function. In both 6 and 15 dpf ids ia200/ia200 fish we did not find substantial difference between homozygous mutants and age-matched control fish (Fig. 4A ). To extend our preliminary observations to adult stages, we isolated different bone structures (skull, opercle and caudal fin) from 12-month-old ids ia200/ia200 and age-matched control siblings and analyzed the expression of col2a1, col10a1, osx (sp7) and bglap markers by RT-qPCR. As shown in Figure 4B , we detected significantly reduced osx mRNAs in all examined tissues of ids ia200/ia200
, while, according to the analyzed skeletal element, we could measure a variable degree of differential expression of the other markers between the two genotypes. Western blot analysis performed on protein lysates obtained from the skull and opercle of ids ia200/ia200 fish partially confirmed the results by RT-qPCR for bglap. To further investigate the impact of Ids functional impairment on the skeletal maintenance, we carried out Micro-computed tomography (MicroCT) analysis on aged ids ia200/ia200 and controls. As shown in Figure 4C , MicroCT analysis revealed the recurrent presence of skeletal deformities in 15-month-old controls. In particular, ids ia200/ia200 fish displayed anomalies in the curvature of the spine such as kyphosis (Fig. 4B , upper right panel) and scoliosis, including also a rotational component (Fig. 4B , lower right panel). A detailed examination of the anomalous curvature obtained with a curvilinear multiplanar reconstruction (MPR) and axial images of three single vertebrae (Fig. 4C ) in the area affected by scoliosis of the mutant fish demonstrated additionally to the sideways curve, a higher vertebral density, presumably due to a compressive phenomenon. These results, therefore, suggest that in stable Ids mutants the bone differentiation program is already negatively affected during early larval stages, preceding the onset of profound skeletal abnormalities which are evident at late life stages. Data are expressed as mean 6 SD of four independent experiments (*P < 0.05, **P < 0.02; t-test).
IDS knockout mice exhibit defective FGF signaling and reduced bone-related markers expression in appendicular bone at postnatal stages
To further support the key role of FGF signaling dysregulation in the onset of bone defects in MPSII, we extended our investigation to IDS knockout mice (20) . This mouse model carries a deletion of exon 4 and part of exon 5 of the Ids gene, leading to the transduction of a non-functional enzyme. According to the previously performed phenotypic characterization (20), IDS-KO mice at birth and during early stages of development didn't display any macroscopic morphological alteration, when compared with age-matched WT mice (Fig. 5A) . We, however, chose to analyze 1 week and 2 weeks old IDS-KO mice, which did not exhibit evident GAGs accumulation and macroscopic bone defects (Supplementary Material, Fig. S4A ). Moreover, at both stages we did not find significant body weight differences between KO mice and age-matched controls (Supplementary Material, Fig. S4B ). However, a thorough analysis showed early Data are expressed as mean 6 SD of four independent experiments (*P < 0.05, **P < 0.02, ***P < 0.002; t-test). alterations in the cranial vault size and shape of KO mice when compared with that of age-matched controls. In particular, 1-week-old KO mice displayed a flattened skull, while at 2 weeks the skull height was significantly increased when compared with that of age-matched controls (Supplementary Material, Fig.  S4C ). Moreover, IDS-KO mice exhibited jagged skull sutures when compared with age-matched WT siblings (Fig. 5B) . No significant differences were indeed detected in long bones length and size of 1 week and 2 weeks old IDS-KO mice, when compared with age-matched controls (Supplementary Material, Fig. S5A-F and data not shown) . To better detect subtle defects in bone morphogenesis at early stages, we performed Alcian blue/Alizarin red staining of serial tibial and femoral bone sections, but we did not find evident differences between KO mice and age-matched control samples ( Fig. 5D and E) . We next evaluated FGF signaling-related markers (Pea3, Dusp6, Erk1) by RT-qPCR on total RNA extracts from the cranial vault, diaphysis and epiphysis of 1 week and 2 weeks old KO and control mice. We found that all three markers were significantly reduced in the epiphysis of KO mice (Fig. 5F) . We, therefore, tested the expression levels of bone-related markers in the same samples and we detected a significant decrease of Bglap expression in the cranial vault and diaphysis of 1-week-old KO mice with respect to controls. A significantly reduced Bglap expression was also measured in the cranial vault and epiphysis of 2 weeks-old KO mice when compared with age-matched controls.
Matching results were obtained by western blot analysis for Bglap in protein extracts from control and KO mice tibia samples (Fig. 5G) , as well by immunohistochemistry using antibodies toward Pea3 and Col2 on paraffin sections from the epiphyseal plate of KO mice tibia when compared with those of age-matched controls (Supplementary Material, Fig. S6A and B) . In particular, for Col2 although the overall amount of immunopositive cells was not significantly different between control and IDS-KO mice in agreement with RT-qPCR data, we found that in KO mice Col2 was mainly expressed in the proliferating zone, while in control mice it was equally distributed among the all three zones (proliferating, pre-hypertrophic and hypertrophic).
To verify whether the decrease of Bglap expression in the KO mice bone samples could be related to an inflammatory process, we examined the expression profile of two key proinflammatory cytokines, IL1b and TNFa, which have been shown to increase during the onset of MPS-related osteoarticular defects (21). We did not find, however, any evidence of increased expression in all examined samples of both 1-week and 2-week-old KO mice when compared with those of agematched controls (Supplementary Material, Fig. S7 ).
We could, therefore, conclude that at least in the epiphyseal region of the bones, the loss of Ids function is associated with a significant reduction of target FGF markers and Bglap expression at very early postnatal stages. Moreover, the decreased osteogenic Bglap levels do not appear to be related to increased pro-inflammatory cytokine expression.
Misexpression of FGF signaling markers is detected in Hunter syndrome patients' fibroblasts
To verify whether any hallmark of FGF signaling dysregulation could be detected also in MPSII patients, we performed RT-qPCR for target FGF markers (DUSP6, and PEA3) on fibroblast RNAs from a selected cohort of Hunter patients and compared their quantitative expression profile with that of unaffected relatives' fibroblast RNA (Table 1) . As shown in Figure 6 we found 14 out of 21 (66.7%) patients exhibited significantly reduced DUSP6 expression levels, while for PEA3, 8 out of 21 (38.1%) displayed decreased mRNA levels. As regards the correlation between the localization of the mutation and the FGF marker misexpression, we found that 9 out of 11 (81.8%) patients carrying an N-terminal mutation (patient A1-C4, Table 1 ) exhibited significantly decreased DUSP6 mRNA levels, when compared with controls. On the other hand, only 5 out of 11 (45.4%) patients with the same N-terminal mutations displayed decreased PEA3 mRNA levels. For patients with C-terminal mutations (D1-E7, Table 1 ), significantly decreased mRNA levels for DUSP6 and PEA3 were detected only in 5 out of 10 (50%) patients and 3 out of 10 (30%) patients, respectively. Due to limited availability of clinical information, we were not able to precisely classify each patient according to disease severity.
Therefore, despite our limited analysis in a small cohort of patients, we could conclude that at least IDS N-terminal mutations are related to significantly decreased DUSP6 mRNA levels in a high proportion (81.8%) of affected patients.
Discussion
The concerted action of secreted growth factor and morphogens together with ECM components (proteoglycans, collagens, noncollagenous proteins and soluble enzymes) orchestrates key cellular processes including cell differentiation (22) . Alterations in the ECM composition have been widely associated with pathological conditions, including lysosomal storage disorders (LSDs), characterized by a complex range of disease manifestations (8, 23) . Among several affected tissues, bones and skeletal-related components (cartilages and tendons) are significantly affected by perturbations of the ECM, especially during early developmental stages (24) . In the past decades, lysosomal diseases, including MPSs, have been collectively attributed to the progressive storage of undegraded substrates. Recently, however, new pathogenic cascades, such as autophagic defects and ECM-related protein alterations have been postulated to underpin the onset of some pathological manifestations in LSDs (3, 25) . By using the combination of different techniques on two different animal models (zebrafish and mouse) for MPSII, we have here documented a novel unexplored association between FGF signaling impairment and Hunter syndrome-related skeletal manifestations.
Using both a transient and a newly generated stable Ids loss of function fish model, we have demonstrated that a subtle significant impairment of the FGF pathway and the consequent misexpression of FGF target genes during early life stages precede the onset of irreversible skeletal alterations. These results have been further confirmed in a well-characterized mouse model for MPSII (20) during postnatal stages, suggesting a potential evolutionary conserved mechanism responsible for the skeletal alterations occurring in vertebrate animal models for MPSII.
The identification of an FGF pathway dysregulation before the onset of bone defects in MPSII strongly supports the general concept that the FGF/FGF receptor (FGFR) axis controls the skeletal growth, maintenance and remodeling (26) . Although we are aware that other major key signaling pathways, including TGFb, BMP, Shh and canonical Wnt, may be responsible for the detected skeletal defects, our data suggest that impairment of the FGF pathway may potentially contribute to the primary onset of both endochondral and intramembranous ossification defects. We have in fact noticed that either col2a1, col10a1 or osterix (Sp7) expression, as well as the relative transgenes were affected since early developmental stages in the fish models, before any overt massive GAGs accumulation. Comparably, the expression of Col10a1 and Bglap was significantly reduced in the diaphysis of 1-week-old IDS-KO mice, when no Alcian-blue detectable GAGs were observed.
These results were consistent with a previously documented role of Ids during embryonic development (6) , and in agreement with our very recent findings on the cardiac lineages defects observed in MPSII animal models (27), we may now be able to more generally include well-defined cell signaling defects among pathogenic mechanisms underlying MPSII, challenging the primary storage GAG-centric perspective.
A key aspect of our findings is the detection of FGF pathways and bone markers misexpression in a window of time when no evident skeletal defects are seen in both fish mutants and KO mice. This is consistent with the previously documented occurrence of early ECM-related molecular changes detected in the femoral heads of alpha-L-iduronidase (IDUA) KO mice associated with the later onset of bone and joint disease in MPSI (3). Nonetheless, this evidence agrees with the clinical benefits obtained by early ERT-based treatment, as recommended by the European guidelines (28, 29) .
To ascertain whether FGF signaling-related molecular changes could be a hallmark in Hunter patients, we undertook a preliminary systematic analysis of representative FGF markers (DUSP6 and PEA3) in a selected cohort of patients and healthy , N-terminal missense mutation (E, F), C-terminal non-sense mutation (G, H) and C-terminal missense mutation (I, J). Data are expressed as mean 6 SD of four independent experiments (*P < 0.05, **P < 0.02, ***P < 0.002; t-test).
controls. The identification of reduced DUSP6 mRNA levels in fibroblasts samples from patients with N-terminal IDS mutations may suggest a potential link between IDS loss of function and FGF signaling pathway dysregulation. Indeed, the more reduced frequency of PEA3 downregulation in Hunter patients' samples may be explained by the complex transcriptional regulation of PEA3 expression by the canonical Wnt pathway, in agreement with the previously described presence of TCF binding sites in the PEA3 promoter region (30) .
We are aware that the use of fibroblasts RNA as template for RT-qPCR analysis would not be appropriate, since for both animal models we extrapolated the same results by using bone tissue RNA as template. However, the lack of bone biopsies together with evident ethical concerns prevented us to carry out any transcriptional analysis in bone tissues from Hunter patients. By the way, from our transcriptional analysis of human samples we noticed that patients harboring mutations in the same IDS region (e.g. N-terminus) or even patients with the same mutation (R458Q) exhibit different DUSP6 expression profile. This is consistent with poorly understood pathogenic mechanisms, involving the iduronate-2-sulfate enzyme itself. Considering that all patients did not exhibit any residual enzymatic activity, different hypothesis could be plausibly raised to justify the different FGF signaling-related molecular profile. First, the occurrence of inter-patients genetic background differences may underlie a different cell signaling response to IDS enzymatic deprivation, as a consequence of complex GAGs rearrangements of the ECM milieu, due to heparan and dermatan sulfates storage. This hypothesis would imply in agreement with previous observations that even subtle changes in the heparan and dermatan sulfate of the ECM composition due to IDS dysfunction may be sufficient to disrupt the physiological activity of FGF ligands and their cognate receptors (31) . A very recent investigation supporting this scenario has been documented in Hurler syndrome cell lines (11) . A second arguable hypothesis would, indeed, consider a potential direct or indirect physical interaction between the IDS enzyme itself and one or more FGF signaling transducers. We have, in fact, noticed that while the Ids morpholino targeting the ATG translation initiation site in zebrafish produces an upregulation of the FGF pathway, a splicing site mutation targeting a more downstream region in Ids exon 2 produces a downregulation of the same pathway. Similarly IDS-KO mice which harbor a deletion of exon 4 and part of exon 5 in the Ids gene exhibit the same downregulation of the FGF pathway. The latter hypothesis cannot be ruled out as during signal transduction, some of the FGF ligands and receptors (FGF1/FGFR4) are sorted through the endosomal/lysosomal pathway, thereby potentially enabling the physical contact between lysosomal enzymes and cell signaling transducers (32) .
In conclusion, although a more detailed analysis of FGF signaling transduction is needed to clarify the level at which IDS loss of function may interfere with FGF pathway activity, it is plausible to speculate that in the onset of skeletal defects, a potential involvement of the FGF may be evoked thereby supporting the involvement of cell signaling defects in Hunter syndrome pathogenesis.
Materials and Methods
Morpholino-based ids knockdown
Transient Ids knockdown was obtained using a previously described translation blocking morpholino (6). The microinjection was performed resuspeding the morpholino oligo in Danieau buffer [8 mM NaCl, 0, 7 mM KCl, 0, 4 mM MgSO 4 , 0, 6 mM Ca(NO 3 ), 2, 5 mM HEPES, pH 7.6] and Red Phenol (Sigma, Milan, Italy) at the working concentration. Microinjections were performed in collected one-cell stage embryos under a light microscope. Pigmentation was prevented using a 0.003% 1-phenyl-2-thiourea solution in the first 24 h.
Immunohistochemistry
For whole-mount immunohistochemistry a previously published protocol was considered (33) . Zebrafish were fixed in 4% PFA and stored in a 30% sucrose solution. Primary antibody (Iduronate-2-sulfatase 1: 100, Novus Biologicals, Littleton, CO, USA) (GFP 1: 100, ThermoFisher Scientific, Monza, Italy) was in- 
Zebrafish lines and mouse
Zebrafish larvae were kept for the first 5 days in Petri dishes, then maintained at 28 C for the next stages in 5 l tanks filled with fish water at neutral pH, according to standard procedures (http://ZFIN.org). Tg(Col2a1aBAC: mCherry) hu5900 transgenic fish express the fluorescent protein mCherry under the control of a Collagen 2-specific promoter (19) . In Tg(Ola.Sp7: NLS-GFP) zf132 the GFP reporter protein coding sequence is under the control of a Osterixspecific promoter (34) . Tg(Dusp6: d2EGFP) pt6 transgenic reporter line express the destabilized d2GFP under the control of Dusp6 promoter (18) . IDS-KO mouse model for Hunter syndrome was already described previously (20) .
All animal manipulation procedures were conducted according to the Local Ethical Committee at the University of Padova and National Agency (Italian Ministry of Health, project no. 77 and 78/2013).
In situ hybridization
Whole mount in situ hybridizations were performed in larvae fixed at different developmental stages by 4% buffered p-formaldehyde in PBS (PFA), using a previously described protocol (35) . The following digoxygenin-labeled antisense riboprobes were used: fgf3 (36), ntl (37), pea3 (38), fgf8 (39), spry4 and fgfr3 (40) . A GFP antisense riboprobe was generated from a Tol2 middle entry vector containing the GFP cassette.
Enzymatic assay
Samples were obtained by homogenizing larvae or tissues in ice with a lysis buffer (ThermoFisher Scientific, Monza, Italy). Debris were pelleted twice by centrifugation at 4 C and supernatants were collected and assayed for total protein concentration (mg/ml) by the Bio-Rad Protein Assay Dye Reagent Concentrate (Biorad, Milan, Italy). Iduronate 2-sulfatase activity was determined by a two-step fluorimetric assay using the substrate 4-Methylumbelliferyl-a-L-Idopyranosiduronic Acid 2-sulfate (MU-a-ldoA-2S, Moscerdam Substrates, Oegstgeest, Netherlands). Results were obtained using 4-methylumbelliferone as a standard and were normalized for total protein levels. Ids activity was expressed as 1 nmol of MU-a-ldoA-2S substrate hydrolysed in 4 h per mg total proteins (nmol/4 h/mg).
RT-qPCR
For whole RNA extracts pools of 50 fish larvae were used for each independent experiment. For bone samples from adult fish and mice at post-natal stages four different animals were euthanized and skeletal tissues isolated according to standard procedures. Briefly, zebrafish larvae, bone samples and mouse bone samples were homogenized in Trizol reagent (ThermoFisher Scientific, Monza, Italy) and total RNA was isolated according to manufacturer's instructions. RNAs were resuspended in 20 ml of RNAsefree water and then quantified by Nanodrop 1000 (ThermoFisher Scientific, Monza, Italy). A total of 2 mg of RNA were reverse transcribed using a SuperScript III Reverse Transcriptase (ThermoFisher Scientific, Monza, Italy). Human fibroblast cDNAs from Hunter syndrome patients or healthy controls, were obtained from the Biobank at G. Gaslini Institute (Genova). For the RT-qPCRs, the quantitative expression for each marker was determined in patients RNA sample by comparing it to that of pooled fibroblasts RNAs from 10 healthy subjects.
The cDNAs were subsequently subjected to SYBR Greenbased real-time PCR using a RotorGene 3000 (Corbett, Concorde, NSW). Primers are listed in Table 2 .
RT-qPCR data were analyzed using a manually set threshold and the baseline was set automatically to obtain the threshold cycle (Ct) value for each target. As endogenous housekeeping control genes for normalization, GAPDH for zebrafish and human samples and B2M for mouse samples have been used. Relative gene expression among samples was determined using the comparative Ct method (2-DDCt). Results are expressed as the mean 6 SD relative expression. All statistical analysis were perfomed using GraphPad Prism 5.0 software.
Western blot
All procedures were performed as described previously (27) . For mouse and fish bone samples, lysis in Tissue Extraction Reagent (ThermoFisher Scientific, Monza, Italy) was carried out for 2 days in the presence of protease inhibitor (ThermoFisher Scientific, Monza, Italy) and phosphatase Inhibitor Cocktails 2 and 3 (SigmaAldrich, Milan, Italy), The lysates were centrifuged at 13000g for 30 min at 4 C. The supernatant was collected and protein concentration was determined by the Bradford method. Extracted proteins were supplemented with 4Â sample buffer, heated at 70 C for 10 min and run onto precast SDS-PAGE (ThermoFisher Scientific, Monza, Italy 
Paraffin embedding and sectioning
Mouse samples were fixed in 4% PFA in PBS, washed in PBS and dehydrated in ethanol solutions of increasing concentrations. Before dehydration, mice bones were decalcified using a solution of 10% EDTA in PBS and samples were dehydrated in xylene. All solutions were removed and paraffin embedding was carried out. Sectioning was performed using a microtome and tissue sections were collected on SuperfrostPlus slides.
Alcian blue-nuclear fast red staining
Tissue sections were deparaffinized with xylene and rehydrated with ethanol solutions of decreasing concentration. After several washes with distilled water, a 0.1 M citric acid solution was added to the samples for 3 min. Sections were stained with 1% pH 1.0 Alcian blue for 20 min. After several washes with distilled water, a nuclear-fast-red solution was added to the samples for 10 min. Sections were washed and dehydrated with ethanol solutions of increasing concentration and mounted for histological analysis.
Immunohistochemistry
Immunohystochemistry analysis was carried out on paraffinembedded sections. Sections were deparaffinized with xylene and progressively rehydrated with ethanol solutions in phosphate-buffered saline (PBS). Antigen retrieval was achieved with 1 mM pH 6.0 sodium citrate using a steam chamber. The primary antibody (PEA3, GeneTex, Irvine, CA, USA, 1: 100 dilution) (COL2A1, Santa Cruz Biotechnology, Dallas, TX, USA, 1: 100 dilution) was incubated overnight at 4 C, while the secondary antibody (goat anti rabbit-alkaline phosphatase, Sigma, 1: 200) was incubated 1 h at room temperature and NBT-BCIP staining (ThermoFisher Scientific, Monza, Italy) was performed according to manufacturer's instructions.
Microscopy and image analysis
Transgenic fluorescent zebrafish were analyzed using a Leica M165FC microscope (Leica, Milan, Italy). All images were acquired with a Nikon DS-F12 digital camera. Confocal zebrafish images were acquired with a Nikon C2 H600L confocal microscope (Nikon, Florence, Italy), while stained slides from mouse sample were acquired with Leica DMR compound/Normarski microscope (Leica, Milan, Italy). For all images the same exposure parameters were chosen and analyzed using ImageJ program or Imaris software. Statistical analyses were carried out with Prism software (GraphPad).
MicroCT
Each control (n ¼ 4) and ids ia200/ia200 (n ¼ 4) fish was placed in a cylindrical polyethylene container (i.e. diameter of 1.1 cm) with saline solution to avoid dehydration and was analyzed by an ex vivo high-resolution Micro-CT 1172 (Skyscan, Aartselaar, Belgium). The following MicroCT parameters were applied: 59 kV of voltage, 167 lA of current, 1 mm aluminum filter to reduce beam-hardening artifacts, 17 lm of isotropic voxel size and 1280 Â 1024 pixel of field of view. All samples underwent a 180 rotation, with a 0.7 rotation step and a frame averaging of 2.
Each scan required about 4 h. The acquired raw data were reconstructed with the N-Recon Software (Skyscan, Aartselaar, Belgium). The bitmap images obtained after the reconstruction were then converted in Dicom files (Dicom Converter, Skyscan, Aartselaar, Belgium). Three-dimensional (3D) and MPRs were performed by CTVox (Skyscan, Aartselaar, Belgium) and Horos (Open Source Software, https://www.horosproject.org), respectively.
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